Abstract: Nuclear microscopy is a suite of techniques based on a focused beam of MeV protons. These techniques have the unique ability to image density and structural variations in relatively thick tissue sections, map trace elements at the cellular level to the microgram per gram~dry weight! level, and extract quantitative information on these elements. The trace elemental studies can be carried out on unstained freeze-dried tissue sections, thereby minimizing any problems of contamination or redistribution of elements during conventional staining and fixing procedures. The pancreas is a gland with different specialized cells and a complex hormonal activity where trace elements play an important role. For example, zinc has an active role in insulin production, and calcium ions participate in the stimulation and secretion process of insulin. Using nuclear microscopy with a spatial resolution of 1 mm, we have located, using zinc mapping, the islets of Langerhans in freeze-dried normal rabbit tissue sections. The islets of Langerhans contain b-cells responsible for insulin production. Subsequent quantitative analyses have indicated elevations in most elements within the islets of Langerhans, and significantly so for the concentrations of Zn @3,300 compared to 90 mg/g~dry weight!# and Ca @1,100 compared to 390 mg/g~dry weight!#.
INTRODUCTION
The pancreas is composed of exocrine tissue that secretes digestive enzymes into a series of ducts for delivery into the duodenum. Scattered within the exocrine tissue are clusters of endocrine cells supported by a collagenous network containing capillaries and surrounded by a fine capsule, the islets of Langerhans, which secrete hormones into the blood stream. These islets contain several different endocrine cell types. The most abundant are insulin-producing b-cells in the core of the islets, which are surrounded by a-cells, which produce glucagon. Other less abundant endocrine cell types are d-cells and pancreatic polypeptide~PP!-cells, which produce somatostatin and PP, respectively.
In 1934 Scott showed that insulin crystals contain Zñ Scott, 1934!. Subsequent studies showed these crystals are stored within the secretory granules in the form of hexamers with two or more zinc atoms~Roth & Kirchgessner, 1981! and fluorescence imaging has shown that Zn concentrated in b-cells was related to the synthesis, storage, and secretion of insulin~Zalewski et al., 1994!. While zinc is an important ion in the synthesis of insulin~Emdin et al., 1980!, it is also intimately linked to the structure and action of many other enzymes involved in many different metabolic processes. For example, carboxypeptidase is a pancreatic enzyme that contains a zinc atom at the active site, and loss of the zinc in this enzyme leads to loss of activity in the pancreas~Berger & Schneeman, 1986!. Since the concentrations of zinc are much higher in the islets of Langerhans than any other region~Foster et al., 1993!, measurements of the Zn distribution and concentrations within the islets may provide an indication of insulin activity. It is therefore useful to develop techniques that can both image and quantitatively assess zinc and other trace elements within endocrine cells.
Nuclear microscopy is a MeV ion-based suite of techniques that has the ability to image density variations in relatively thick tissue, map trace elements at the cellular level to the microgram per gram~dry weight! level, and extract quantitative information on these elements. Nuclear microscopy is comprised of three complementary ion beam techniques that can be simultaneously applied:~a! Scanning transmission ion microscopy~STIM! is a technique in which transmitted ions~e.g., protons or helium ions-alpha particle! are detected; their energy loss in the sample is used to provide information on the structure and density variations within the sample. STIM is useful for correlating the trace element data with structural features and in this study facilitates positioning of unstained sections prior to analysis.~b! Particle-induced X-ray emission~PIXE! is used for measuring the concentrations of elements such as sodium and above in the periodic table, by detecting the characteristic X-rays induced by MeV protons.~c! Rutherford backscattering spectrometry~RBS! provides information on matrix composition and incident charge, and is used in conjunction with PIXE to quantify the trace element concentration results~Watt & Grime, 1995!.
Although nuclear microscopy techniques cannot yet be applied to living cells, its unique capability of mapping and measuring quantitative trace element concentrations at the cellular level make it a powerful tool for biomedical studies. Previous nuclear microprobe work on measuring trace elements in the pancreas has been limited to mice pancreas studies, using low resolution PIXE in conjunction with a nuclear microprobe~Lindh et al., 1985 microprobe~Lindh et al., , 1991 Juntti-Berggren et al., 1987 Starvation was used as a model for altered glucose recognition by the b-cells and altered elemental composition~Al, Cu, Mg, Rb, Ca, and Zn! of endocrine pancreas was found to be dependent on the time of starvation~Juntti- Lindh et al., 1991 !. The K/Na ratio was studied in genetically diabetic Chinese hamsters and normal controls~Lindh et al., 1985; JunttiBerggren et al., 1987 !. The fact that b-cells from diabetic Chinese hamsters maintain physiological intracellular levels of Na and K indicates the existence of a well-functioning Na ϩ /K pump. The role that Ca 2ϩ has in stimulating the secretion of insulin and the secretion itself has also been studied analyzing cultured cells with nuclear microprobe techniques~Pålsgård et al., 1994 techniques~Pålsgård et al., , 1995 Pålsgård & Grime, 1996 !. In these studies, strontium was used as a tracer to discriminate between endogenous calcium and Ca 2ϩ entering as a result of stimulation. Different Zn isotopes have also been imaged in the islets of Langerhans using secondary ion mass spectrometer~Okabe et al., 2003! and fluorescence techniques~Zalewski et al., 1994 !, although these techniques are not quantitative.
In this article we describe the methodology and protocol for carrying out nuclear microscopy of the exocrine pancreas regions of normal rabbits and present the results of zinc imaging, quantitative trace elemental analysis using PIXE and RBS, and density mapping using STIM.
MATERIAL AND METHODS

Sampling
Three normal male New Zealand white rabbits of the same age, weighing approximately 2.5 kg were used for this study. The animals~which were normal controls for another study on trace elements in atherosclerosis! were killed by i/v injection of sodium pentobarbitone~0.8 mg/kg! and two pancreas sections just below the spleen were removed. Residual blood was removed from the tissue by flushing with deionized water, and the blocks of tissue were then flash frozen in liquid nitrogen. The tissue was stored at Ϫ808C and transported on dry ice where necessary. Special care was taken to prevent thawing and refreezing and subsequent ice crystal damage. Serial sections of thicknesses 10 mm were cut using a Leica CM3050S cryostat set at Ϫ178C with the knife at Ϫ228C. Sections were picked up on gelatin-coated glass slides for hematoxylin and eosin staining to identify regions of interest. Adjacent unstained sections were picked up on freshly made 0.5 mm pioloform film mounted on nuclear microscopy target holders for STIM, RBS, and PIXE analysis.
Experimental
The pancreas sections were analyzed using the nuclear microscope facility at the Centre for Ion Beam Applications CIBA!, National University of Singapore~Watt et al., 1994!, where PIXE, RBS, and STIM techniques can be used simultaneously. A beam of 2.1 MeV protons focused to a diameter of about 1 mm were used for this work. The incident proton beam was at 458 to the sample surface and the beam current was in the range of 100-300 pA. Transmitted particles STIM! were detected using an ion-implanted silicon charged particle detector placed off beam axis~at 208 to the beam!. A lithium-drifted silicon detector at 908 to the beam, with a 300 mm Perspex filter with a 1-mm-diameter central hole was used to detect X-rays~PIXE!. For RBS analysis, backscattered protons were detected using a silicon particle detector at a scattering angle of 1608 to the beam.
High-resolution STIM was also carried out using a second beam line facility at CIBA. Here the high-resolution proton beam writer line was used, where the target chamber was modified slightly to incorporate a miniature STIM target assembly. As described in Ren et al.~2007!, the target assembly was constructed utilizing a Hamamatsu pin diode S1223-01~3.06 ϫ 3.06 mm 2 chip!, which was mounted directly behind the pioloform film on which the pancreas section was placed. A 1.5 MeV alpha particle beam, which has an order of magnitude increase in stopping power compared with a proton beam, was focused with a size of 45 ϫ 65 nm 2 and scanned across a suitable area of the pancreas.
For the extraction of quantitative elemental concentrations, PIXE and RBS spectra were obtained from regions of interest after identification of structures using the elemental and STIM maps. Analysis of RBS spectra allowed both quantification of lights elements such as C, N, and O, thereby characterizing the tissue matrix, as well as measurement of areal density. The RBS data were analyzed by fitting the RBS spectra using SIMNRA~Mayer, 1997! software. This technique was also used for integrated charge correction, thus enabling quantitative data to be extracted from PIXE spectra by GUPIX~Maxwell et al., 1989!. Means and standard devia-tions were used as the descriptive statistics. To determine if there were significant differences for the elemental concentrations between and among groups, the parametric Student t-test and nonparametric~NP! approaches such as the Kolmogorov-Smirnov test, the Mann-Whitney U-test, and the Wald-Wolfowitz test~Woolson, 1987! were used. Differences were considered significant when a confidence interval of 95% was exceeded~p , 0.05!. For STIM imaging, a median transmitted energy was calculated for each image pixel using the OMDAQ software package to provide suitable density contrast and to reduce the amount of noise in the image.
RESULTS
The normal protocol for identifying structures prior to nuclear microscopy imaging is to first carry out a proton STIM image of an unstained section and compare this to the optical image of a serial stained section. A visual comparison usually reveals areas of interest that can then be located in the unstained tissue by subsequent high-magnification STIM imaging. For this work, proton STIM imaging was not used to determine the position of the islets of Langerhans because the density and shape of this group of cells were not sufficiently different from surrounding exocrine cells to allow a positive identification. Instead, it proved more reliable for identification purposes to use zinc mapping. Figure 1 shows a stained section of tissue~Fig. 1a! and a corresponding proton STIM image of an unstained serial section~Fig. 1b!. The islets of Langerhans observed in the stained section~red circles! cannot be identified clearly by proton STIM imaging at this magnification. However, simultaneous zinc mapping Fig. 1c ! indicates the position of the islets of Langerhans. The lower magnification image~4 mm ϫ 4 mm! shown in Figure 2 confirms that zinc mapping can be used for relatively large area tissue sections to locate the islets of Langerhans.
An area containing an islet of Langerhans was subsequently imaged at higher resolution~120 mm ϫ 120 mm!, and the proton STIM image and the zinc map are shown in Figure 3 . Also included is a sulfur and iron image of the same region. These results indicated a clear inverse correlation between the iron and zinc distributions, which was also reproduced in other scans.
After the identification of islets of Langerhans, the elemental concentrations taken from the endocrine and exocrine pancreas were determined. Table 1 shows the average P, S, Cl, K, Ca, Fe, and Zn concentrations and the standard deviation. Although all the values appear higher in endocrine tissue than exocrine, the t-test and NP tests only showed significant differences between endocrine and exocrine pancreas for S, Ca, and Zn. Averaging of the results from all three rabbits, elemental analyses from 11 regions of the endocrine pancreas showed higher concentration variability than from the exocrine tissue determined in 7 regions. Generally, the concentration variability of elemental concentration in biological tissues is high. Although we have only analyzed normal pancreas, we cannot assume that the variability of elements and the elemental concentrations are the same in all cells.
For low demagnification, proton STIM imaging did not allow for positive identification of the islets of Langerhans in unstained sections. We therefore investigated the structure of individual cells within the islets of Langerhans using STIM operating with a 50 nm alpha particle beam. 
DISCUSSION
Elemental Study
Zinc is an essential cofactor for the gene expression, synthesis, conformation, storage, and secretion of insulin~Chaus-mer, 1998!. Decreased plasma zinc impairs the ability of islet cells to produce and secrete insulin and deficiency results in rapid insulin degradation~Quarterman et al., 1966; Huber & Gershoff, 1973; Reid, 1981; Prasad, 1985!. Insulin is produced by the beta cell of the pancreatic islets as a single chain peptide that is bent around itself and linked by two interchain disulfide bonds. This proinsulin is cleaved by the removal of an intracellular chain fragment known as the "C-peptide" to form two peptide chain~alpha and beta! molecules of 51 amino acids crosslinked to each other by interchain disulfide bonds. This is the insulin monomer. In the presence of zinc within the cell, insulin monomers assemble to a dimeric form for storage and secretion as the zinc crystal. It has been shown that high concentrations of glucose and other secretagogues decrease the islet cell labile Zn, and video fluorescence analysis 
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Sx 6 std mg/g! P 18,000 6 3,000 14,000 6 5,000 S 6,900 6 800 4,600 6 1,600 Cl 6,300 6 1,800 4,300 6 1,600 K 20,000 6 8,000 14,000 6 5,000 Ca 1,100 6 300 390 6 140 # cyt~V aldeolmillos et al., 1992!. However, the endocrine Ca concentration detected in these rabbit pancreas samples is too high to be only associated with this mechanism. Calmodulin is the primary cellular receptor for calcium, and the interaction between calcium and calmodulin is analogous to the binding of a steroid hormone to its cognate receptor. Calcium plays a fundamental role in cell signaling. Here, increased calcium concentration in endocrine pancreas might have been utilized in Ca 2ϩ /calmodulindependent protein kinase pathway for insulin secretioñ Ashcroft et al., 1994!. Sulfur is found in two amino acids and participates as an enzyme cofactor. Despite the increased knowledge on the role of amino acids, their exact role in endocrine function still remains unanswered. Several studies demonstrate that intake of sulfur-containing amino acid has a beneficial effect in overcoming insulin resistance~Maturo & Kulakowski, 1988; Anitha Nandhini et al., 2005; Blouet et al., 2007 !. This fact could be due to an active function of these amino acids in the insulin production process, which could explain the elevated concentration of S in endocrine pancreas.
The Fe maps of the islets of Langerhans as shown in Figure 3 show a nonhomogenous distribution that is nega- Figure 3 .~a! Density~proton STIM!,~b! Fe,~c! Ca, and~d! Zn maps of an islet of Langerhans. An anticorrelation between Fe and Zn and a correlation between Ca and Zn were shown. The Ca image contains relatively few counts because we utilized the reduced yield Ca-K b X-ray peak~the Ca-K a X-ray peak has an interfering K-K b peak!.
Zn Mapping of Pancreas Using Nuclear Microscopy 349 tively correlated with Zn. The capillaries with residual blood in the islets of Langerhans could explain the elevated levels of iron in the endocrine tissue, and also the anticorrelation between the Fe and Zn distribution.
Although the t-test did not show significant differences between Cl concentration in exocrine tissue and islets of Langerhans, the slightly elevated concentration found in the endocrine tissue suggests that this element may have a role in the islets of Langerhans. Previous studies suggested that anions, e.g., phosphate, bicarbonate, and chloride, may also play an important role in the regulation of insulin release, indicating a possible function for chloride in the regulation of the membrane potential in the pancreatic b-cells~Lind-strom et al., 1988!.
Density Study
The size of the structures and the type of the polyhedric inclusions observed in Figure 4 are typical of islets of Langerhans. From Figure 4a we can identify an islet of Langerhans separated from the exocrine tissue by a thin pod of less dense tissue. These regions could be connective tissue that normally surrounds the islets of Langerhans. b-cells are smaller than the cells outside islets of Langerhans, thus the dimensions of the identified central structures lead us to conclude that this organization is a b-cell. The lower density inclusion is likely to be vesicles that are found in b-cells. The insulin grains are normally inside the neurosecretory vesicles, which have dimensions approximately 300 nm, consistent with structures in our high-resolution STIM images. The vesicles that produce insulin normally have a central electron-dense core, consisting of insulin in the form of rhomboidal or polyhedral crystalline structures surrounded by an electron-lucent halo and bounded by a narrow membrane. Our images suggest that the b-cell vesicles in this particular region have been voided, possibly indicating a recent discharge of insulin.
CONCLUSIONS
Nuclear microscopy, consisting of a suite of techniques encompassing PIXE, STIM, and RBS, has the ability to image density variations in relatively thick tissue, map trace elements at the cellular level, and extract quantitative infor- mation on these elements to the parts per million level. The role of nuclear microscopy is ideally suited to mapping important trace elements such as Zn, Ca, Fe, and Cu in tissue and cells, and extracting quantitative data. These analyses can be carried out in unstained freeze-dried tissue sections, thereby minimizing any problems of contamination or redistribution of elements during sample preparation.
For this animal model, we have shown that islets of Langerhans can be identified in freeze-dried and unstained tissue sections using zinc mapping. Proton STIM, which is normally used to identify structures prior to quantitative analysis, however, is not as effective for identification due to minimal density and structural variations between the endocrine and exocrine regions. Once identified, elemental analysis can be carried out, and the difference in elemental concentrations between the islets of Langerhans and the surrounding tissue can be assessed. However, we cannot assume that this method is ideal for other animal models where Zn concentrations may be lower.
These analyses have indicated elevations in most elements within the islets of Langerhans, and significantly so for the concentrations of Zn @3,300 compared to 90 mg/g dry weight!#, Ca @1,100 compared to 390 mg/g~dry weight!#. The high levels of Zn, Ca, K, Cl, and S concentrations detected in the endocrine pancreas confirm the high biological activity of this region because these elements are involved in numerous biological processes such as intracellular signal transduction and synthesis, storage, and release of insulin.
It is only recently that sub-100 nm STIM has been available, and this new technique has been used to image b-cells within the islets of Langerhans. We have demonstrated the potential of alpha STIM in identifying both cells and strategic vesicles within these cells. The state of the art spatial resolution for quantitative elemental analysis at the microgram per gram~dry weight! level is around 300 nm, and the state of the art resolutions for STIM is currently 50 nm. Although STIM is still some way short of the excellent resolutions of scanning electron microscopy and transmission electron microscopy, which can be down to the nanometer level and below, we are hoping to improve this in the near future. The real potential of structural imaging using high energy ions, however, is that it can be used on whole cells and relatively thick tissue. Unlike electrons, fast ions maintain resolution through thicker samples, and as such nuclear microscopy has the potential to provide high-resolution three-dimensional information.
ACKNOWLEDGMENTS
The research of the first author was supported by the program Jose Castillejo of the Spanish Ministerio de Educación y Ciencia. We also wish to thank Teresa Pinheiro for discussions on the interpretation of the pancreatic beta cell structure.
